Malaria infection is initiated by Plasmodium sporozoites infecting the liver. Preventing sporozoite infection would block the obligatory first step of the infection and perhaps reduce disease severity. In addition, such an approach would decrease Plasmodium vivax hypnozoite formation and therefore disease relapses. Here we describe the activity of a trisubstituted pyrrole, 4-[2-(4-fluorophenyl)-5-(1-methylpiperidine-4-yl)-1H-pyrrol-3-yl] pyridine, in inhibiting motility, invasion, and consequently infection by P. berghei sporozoites. In tissue culture, the compound was effective within the first 3 h of sporozoite addition to HepG2 cells. In vivo, intraperitoneal administration of the compound significantly inhibited liver-stage parasitemia in P. yoelii sporozoite-infected mice and prevented the appearance of blood-stage parasites. P. berghei sporozoites lacking the parasite cGMP-dependent protein kinase, the primary target of the compound in erythrocyte-stage parasites, remained infectious to HepG2 cells and sensitive to the drug. These results suggest that the drug has an additional target(s) in sporozoites. We propose that drugs that inhibit sporozoite infection offer a feasible approach to malaria prophylaxis.
The malaria parasite, Plasmodium spp., infects 500 million people a year, killing over 1 million globally. Plasmodium parasites are introduced into humans via mosquito bites, in the form of sporozoites that infect the liver to form liver-stage parasites (LS). LS are eventually released into the bloodstream, where they infect erythrocytes and initiate the symptomatic phase of malaria. Although the liver stage of infection by Plasmodium falciparum and P. vivax, the two major human parasites, is asymptomatic, P. vivax infections often result in the formation of dormant LS called "hypnozoites." When reactivated, hypnozoites cause disease relapses up to 1 year after the initial infection. Therefore, achieving global eradication of malaria will require prevention or treatment of P. vivax hypnozoites in addition to treatment of erythrocyte stages of both species.
The spread of drug-resistant parasites, limited vector control measures, and lack of an effective vaccine make novel drug discovery vital. Drugs that prevent sporozoite infection of the liver would block an obligatory step in the parasite's life cycle. They would also prevent the formation of hypnozoites by P. vivax and the pathology caused by the erythrocyte stages of all human Plasmodium species. Although the liver stages are asymptomatic, reducing the parasite burden in the liver is likely to significantly diminish blood-stage infection and reduce disease severity in a subpopulation of patients (1) . Furthermore, the small number of parasites and the limited number of replications during the liver phase of malaria infection compared to those in the erythrocytic phase reduces the potential for the emergence of drug-resistant parasites (13) . However, of the currently licensed drugs, only primaquine has been formally demonstrated to act against sporozoites (13, 22) .
Here, we investigate the efficacy of a trisubstituted pyrrole, 4-[2-(4-fluorophenyl)-5-(1-methylpiperidine-4-yl)-1H-pyrrol-3-yl] pyridine, against Plasmodium sporozoites. This compound was previously shown to inhibit the in vitro development of several apicomplexan parasites (11) . In vitro, the trisubstituted pyrrole blocks the development of late-erythrocyte-stage schizonts of P. falciparum (23) . In vivo, it is partially effective against erythrocyte stages, lengthening the survival of mice infected with lethal strains of P. berghei (8) .
Here, we tested the effect of the trisubstituted pyrrole on sporozoites from the rodent parasite species P. berghei and P. yoelii. The compound significantly inhibited the infection of hepatocytes by Plasmodium sporozoites. In vitro, this inhibition was dose dependent and was observed within the first 3 h of sporozoite addition to HepG2 cells. Neither the treatment of HepG2 cells with the trisubstituted pyrrole prior to the addition of sporozoites nor the addition of the trisubstituted pyrrole to cell culture after infection by sporozoites decreased infection. While sporozoite motility was partially inhibited by the trisubstituted pyrrole, sporozoite invasion of HepG2 cells could be completely blocked in a dose-dependent manner. In vivo, administration of a single dose of the trisubstituted pyrrole caused a significant reduction in the liver-stage parasitemia of mice infected with P. yoelii sporozoites and led to partial protection against the appearance of blood-stage parasites. A higher dose of the trisubstituted pyrrole completely prevented the appearance of blood-stage parasites in a sporozoite-initiated infection. The compound's inhibition of sporozoite infection was not mediated solely through the drug's effect on P. berghei cGMP-dependent protein kinase (PbPKG). Sporozoites lacking PbPKG remained sensitive to the trisubstituted pyrrole. Our data suggest that the trisubstituted pyrrole might have additional targets in sporozoites.
MATERIALS AND METHODS
Parasite maintenance and sporozoite collection. Uncloned lines of P. berghei NK65, P. yoelii 17XNL, and P. berghei ANKA parasites were grown in Anopheles stephensi mosquitoes. Sporozoites were obtained by dissection of salivary glands in Dulbecco's modified Eagle's medium (DMEM). P. yoelii and P. berghei ANKA sporozoites were used for the in vivo assays. P. berghei NK65 sporozoites were used for all other assays.
In vivo assay for sporozoite infection by determining prepatent period. Female Swiss-Webster mice (6 to 8 weeks old) were treated intraperitoneally either with 50 mg/kg of body weight of the trisubstituted pyrrole diluted in phosphatebuffered saline (PBS) or with PBS alone. In the first experiment, mice (n ϭ 3) were administered the trisubstituted pyrrole or PBS once prior to an intravenous injection of P. yoelii sporozoites (1 ϫ 10 4 /mouse). The appearance of blood-stage parasites was monitored daily by microscopic examination of Giemsa-stained blood smears. In the second experiment, mice (n ϭ 10) were administered three doses of either the trisubstituted pyrrole or PBS. The first dose of the trisubstituted pyrrole was given 15 min prior to an intravenous infection with P. yoelii sporozoites (5 ϫ 10 3 /mouse). The second and third doses were given 6 h and 12 h postinfection (p.i.), respectively. The prepatent period of infection was determined as described above. In the third experiment, female C57BL/6 mice (4 to 6 weeks old) (n ϭ 3) were infected through bite of mosquitoes infected with P. berghei ANKA (approximately 10 mosquitoes/animal). They were administered three doses of either the trisubstituted pyrrole or PBS as described for the second experiment.
Assay for liver infection by sporozoites, carried out using quantitative realtime PCR. Female Swiss-Webster mice (6 to 8 weeks old) (n ϭ 4) were treated intraperitoneally with a single dose of either 50 mg/kg of the trisubstituted pyrrole or PBS. They were infected intravenously with P. yoelii sporozoites (1 ϫ 10 4 /mouse). Livers were dissected 40 h p.i. and homogenized in TRIzol reagent (Invitrogen), and total liver RNA was obtained following the manufacturer's protocol. First-strand cDNA synthesis was carried out and parasite load in the liver was quantified as previously described (3), with duplicate samples for each mouse, using P. yoelii 18S rRNA-specific primers (5Ј GGGGATTGGTTTTGA CGTTTTTGCG and 5Ј AAGCATTAAATAAAGCGAATACATCCTTAT). The quantitative real-time PCR conditions used were as follows: 95°C for 15 min and 50 cycles of 95°C for 20 s, 60°C for 30 s, and 72°C for 30 s, followed by 72°C for 30 s. Results were analyzed using the Mann-Whitney two-tailed test.
Cell culture of HepG2 cells. HepG2 cells were grown in DMEM containing 10% fetal calf serum and 1% penicillin-streptomycin. Cells (1.8 ϫ 10 5 /well) were seeded in 8-chamber Lab-Tek slides 1 day prior to the addition of sporozoites.
In vitro assay for sporozoite infection. Sporozoites (5 ϫ 10 4 /well) were added to HepG2 cells in the presence of 0.5 M, 2 M, or 10 M trisubstituted pyrrole, in a final volume of 200 l. The trisubstituted-pyrrole-containing medium was replaced with compound-free medium 12 h p.i. To detect LS at 40 h p.i., cells were treated with cold methanol, washed with PBS, blocked for 1 h at 37°C with PBS-1% bovine serum albumin (BSA), stained with 10 g/ml monoclonal antibody (MAb) 2E6 (24) for 1 h at 37°C, and washed with PBS, followed by staining with a 1:100 dilution of anti-mouse IgG conjugated with fluorescein isothiocyanate (FITC) for 1 h at 37°C. LS were counted using a fluorescence microscope with a 40ϫ objective.
Assay for sporozoite gliding motility. An 8-well Lab-Tek slide was coated with 10 g/ml of monoclonal antibody (MAb) 3D11 directed against the repeat region of the P. berghei circumsporozoite protein (25) , incubated overnight at 4°C, and washed thrice with PBS. Sporozoites (1 ϫ 10 4 /well) were added to each well in the presence of 0.5 M, 2 M, or 10 M trisubstituted pyrrole, in a final volume of 200 l DMEM containing 3% BSA. The slide was incubated at 37°C for 2 h. At the end of the incubation, the medium was removed, and wells were fixed with 4% paraformaldehyde for 30 min, washed with PBS, and blocked with PBS-1% BSA for 1 h at 37°C in a final volume of 200 l. Trails deposited by motile sporozoites were visualized by staining with biotinylated 3D11 (5) for 1 h at 37°C, followed by washes with PBS and staining with streptavidin conjugated to FITC for 1 h at 37°C.
Assay for cell invasion by sporozoites. HepG2 cells were infected with sporozoites (5 ϫ 10 4 sporozoites/well) in the presence of 0.5 M, 2 M, or 10 M trisubstituted pyrrole for 1 h at 37°C. Cells were fixed with 4% paraformaldehyde and stained as previously described (21) to distinguish between intracellular and extracellular sporozoites.
RESULTS

Inhibition of in vitro infection of hepatocytes by P. berghei sporozoites.
To test whether the trisubstituted pyrrole affects sporozoite infection of hepatocytes, P. berghei sporozoites were allowed to infect the human hepatoma cell line HepG2 in the presence of different concentrations of the compound. The compound was removed 12 h postinfection (p.i.). Sporozoite infectivity was measured by quantifying the numbers of intracellular LS that developed in cell cultures 40 h p.i. The trisubstituted pyrrole inhibited the transformation of sporozoites into LS in a dose-dependent manner, with a concentration of 2 M decreasing LS numbers to below detection (Fig. 1A) .
In our model, the observed reduction in sporozoite infection on October 14, 2017 by guest http://aac.asm.org/ could result from the inhibition of several steps that constitute the infection process-sporozoite motility, host cell invasion, or intravacuolar development of the parasite. To determine which of these steps the trisubstituted pyrrole inhibits, we determined the timing of the compound's action. We infected cells with sporozoites in the presence of 2 M compound and then removed the compound-containing medium 3 h postinfection. The trisubstituted pyrrole inhibited LS numbers to similar extents when present for 3 h or 12 h (Fig. 1B) . Since sporozoite invasion of host cells is generally complete within 2 to 3 h, these results suggest that the trisubstituted pyrrole inhibits sporozoite motility and/or invasion of host cells rather than the intravacuolar development of the parasite. To directly test the effect of the compound on the intravacuolar development of the parasite, we added 10 M compound to cells 3 h after the addition of sporozoites. This concentration of the trisubstituted pyrrole, when present at the time of sporozoite addition to cells, completely blocked the transformation of sporozoites into LS (Fig. 1B) . However, when added to cells 3 h after the addition of sporozoites, 10 M compound did not affect the number of LS present 40 h postinfection (Fig. 1C) . Taken together, these results suggest that the trisubstituted pyrrole inhibits sporozoite motility or sporozoite invasion of host cells or very early steps of LS formation rather than the later intracellular steps of LS development. The trisubstituted pyrrole inhibits host cell invasion by P. berghei sporozoites. We assayed the effect of the trisubstituted pyrrole on sporozoite invasion of host cells by quantifying the number of sporozoites that were intracellular 1 h after the compound was added to host cells. The compound inhibited sporozoite invasion in a dose-dependent manner similarly to its inhibition of sporozoite infection, with a 50% inhibitory concentration (IC 50 ) below 1 M (Fig. 2A) . Since the trisubstituted pyrrole might block sporozoite invasion by blocking sporozoite motility, we assayed the number of sporozoites that deposited proteinaceous trails in the presence of different doses of the compound. The trisubstituted pyrrole did not affect the percentage of sporozoites that were motile (Fig. 2B) . Next, we determined the quality of trails deposited by the motile sporozoites by determining the complexity of each deposited trail. The trisubstituted pyrrole caused a 50% decrease in the number of complex trails, defined as trails with over 10 circles (P Ͻ 0.05 relative to untreated group, t test). However, this decrease was not dose dependent (Fig. 2C) . Therefore, we conclude that the trisubstituted pyrrole has a partial effect on sporozoite motility.
The trisubstituted pyrrole inhibits murine infection by P. yoelii and P. berghei sporozoites. To determine whether the trisubstituted pyrrole is effective in blocking sporozoite infection in vivo, we quantified the parasite load in the livers of mice treated with either a single 50 mg/kg dose of the compound or PBS before infection with 1 ϫ 10 4 P. yoelii sporozoites. We used P. yoelii for these experiments since P. yoelii sporozoites are more infectious to mice than P. berghei. In the compoundtreated mice, the parasite burden in the liver was reduced by more than 1,000-fold compared to that for PBS-treated mice (P Ͻ 0.05) (Fig. 3A) .
Next, we determined whether the trisubstituted-pyrrole-mediated reduction in liver parasitemia delayed or eliminated blood-stage infection. In the first experiment, we measured the prepatent period of infection in mice that were treated with a single dose of the trisubstituted pyrrole (50 mg/kg) or PBS and infected intravenously with 1 ϫ 10 4 P. yoelii sporozoites. While all three PBS-treated mice became positive (average [Ϯstan-dard deviation] prepatent period, 2.33 Ϯ 0.57 days), only one of three compound-treated mice became patent (prepatent (Fig. 3B) .
A delay in patency of 1 day correlated with a 10-fold decrease in liver infection by sporozoites (10) . Therefore, the single animal that became patent after treatment with the trisubstituted pyrrole experienced a significant decrease in liver-stage infection. In the second experiment, 10 infected mice (5 ϫ 10 3 sporozoites/mouse) were administered three doses of the trisubstituted pyrrole (50 mg/kg). At this higher dose, the compound prevented the appearance of blood-stage parasites in all 10 mice for at least 3 weeks, at which time the experiment was terminated (Fig. 3C) . In contrast, all 10 control mice became infected, with an average prepatent period of 3.7 Ϯ 0.48 days. These results were further confirmed with P. berghei. Mice were infected with P. berghei through mosquito bite, the natural route of sporozoite transmission. Treatment with the trisubstituted pyrrole resulted in a significantly longer average prepatent period (5.33 Ϯ 1.52 days) than that for the mice treated with PBS (2.66 Ϯ 0.57 days). These results strongly suggest that the trisubstituted pyrrole effectively blocks P. yoelii and P. berghei sporozoite infection in vivo, which results in a significant delay or abrogation of the ensuing blood-stage infection. Sporozoites lacking PbPKG remain sensitive to the trisubstituted pyrrole. In P. falciparum gametocytes and erythrocyticstage parasites (14, 23) , the primary target of the trisubstituted pyrrole is the parasite cGMP-dependent protein kinase (PKG). Substitution of a key threonine residue (T618Q) in the putative trisubstituted-pyrrole-binding pocket of P. falciparum PKG (PfPKG) renders the mutant kinase insensitive to the compound (14) . Transgenic P. falciparum erythrocytic-stage parasites or gametocytes expressing the mutant PKG protein were 10-to 20-fold less sensitive to the trisubstituted pyrrole than the wild type (23) .
In order to test whether the trisubstituted-pyrrole-mediated inhibition of sporozoite infectivity results from inhibition of P. berghei PKG (PbPKG), we attempted to generate transgenic P. berghei parasites in which the cognate threonine residue (T617) required for binding to the trisubstituted pyrrole was replaced with either methionine or glutamine. Despite extensive efforts, we recovered only parasites in which the mutation was corrected, i.e., the targeting vector had undergone the desired integration event but the PbPKG sequence was wild type (data not shown). The failure to recover the desired PbPKG mutants and our success in manipulating the PbPKG locus in other ways (9) strongly suggest that, unlike in P. falciparum, these mutations are lethal in P. berghei asexual stages. It is likely that the difference between P. falciparum and P. berghei is that PKG mutations that can be tolerated by parasites in vitro are lethal in parasites growing in animals.
As an alternative approach, we used conditional mutagenesis to test whether PbPKG is the primary target of the trisubstituted pyrrole in sporozoites. Using an Flp/FRT (flippase/ flippase recognition target sequence)-based system, we generated PbPKG mutants (PbPKG cKO parasites) in which the PbPKG locus is normal in erythrocyte stages but is deleted in sporozoites (9) . As a control, we generated parasites in which PKG is normally expressed at all stages (CON parasites) (9) .
PbPKG cKO parasites produced viable sporozoites in numbers comparable to those of CON parasites (9) . When used to on October 14, 2017 by guest http://aac.asm.org/ infect HepG2 cells, the cKO and CON sporozoites developed into similar numbers of LS (Fig. 4A ) (9) . Further, the PbPKG cKO and control sporozoites were sensitive to the trisubstituted pyrrole (Fig. 4A) . These results raise the possibility that the trisubstituted pyrrole's inhibition of sporozoite infectivity is not mediated solely via its effect on PbPKG and that the compound has additional targets in either host cells or sporozoites. To test whether the trisubstituted pyrrole inhibits a host protein, we treated HepG2 cells with different concentrations of the compound. After 3 h, the cells were washed with plain medium prior to addition of sporozoites. Pretreatment of cells with the trisubstituted pyrrole did not decrease the number of LS that developed 40 h postinfection (Fig. 4B ). This result is consistent with the interpretation that the trisubstituted pyrrole inhibits sporozoite infection by interfering with another sporozoite protein rather than host proteins.
DISCUSSION
In the work described here, we show that the trisubstituted pyrrole inhibits sporozoite infection both in vitro and in vivo. In vitro results indicate that the inhibition is a result of blocking sporozoite attachment to and invasion of host cells. In vivo, treatment of sporozoite-infected mice with the trisubstituted pyrrole prevented the appearance of blood-stage parasites. The dose used in these experiments was previously shown to be nontoxic to animals (11, 17) . Inhibition of cell invasion might be due in part to the compound's effect on sporozoite motility. Indeed, the trisubstituted pyrrole is a potent inhibitor of P. berghei ookinete motility, with an IC 50 of less than 100 nM (16) . In contrast, in our in vitro assays, the percentage of motile sporozoites remained unchanged even in the presence of 10 M trisubstituted pyrrole, although the formation of complicated trails was reduced. One explanation of these results is that the residual motility seen in our assays may not be biologically relevant and that the partial reduction seen in vitro translates into an effective block in vivo. Another explanation is that the trisubstituted pyrrole's block of sporozoite invasion results from the inhibition of other processes, such as protein secretion or junction formation between the invading sporozoite and the host cell. Current work is focused on distinguishing these possibilities.
An intriguing question raised by our results is whether or not the trisubstituted pyrrole's effect is mediated solely through PbPKG, its primary target in erythrocyte and gametocyte stages. Since the phenotype of PbPKG cKO sporozoites is not the same as that of the trisubstituted pyrrole-treated sporozoites, the trisubstituted pyrrole may inhibit an additional sporozoite kinase with functional overlap with the PbPKG pathway. It is also possible that PbPKG cKO sporozoites retain PbPKG activity, due to the presence of residual amounts of protein, which allows them to carry out normal invasion and infection in the absence of the trisubstituted pyrrole. Another explanation is that the trisubstituted pyrrole's additional target is a host protein. The trisubstituted pyrrole inhibits the growth and development of some Toxoplasma gondii strains by acting directly on the host cell (20) . If the trisubstituted pyrrole's effect on the host protein is reversible, then the pretreatment of HepG2 cells with the compound may not decrease sporozoite infectivity.
Of the currently used antimalarials, only atovaquone and primaquine are effective against Plasmodium preerythrocyte stages, and most have not been formally tested against sporozoites (7, 13). Given that blocking sporozoite infection can prevent the ensuing blood infection, there is an urgent need to fill this gap. Several groups have recently explored inhibition of preerythrocyte stages, through inhibition of either sporozoite infection or liver-stage parasite development, as a form of malaria prophylaxis (4-6, 12, 18) . Such prophylaxis could be combined with a therapeutic step, such as inhibiting erythrocyte-stage parasites, to provide multipronged chemotherapy against malaria. Such an approach has several advantages over an exclusively therapeutic strategy. At the time of infection by mosquito bite, the parasite load is lower-an average mosquito bite is thought to introduce fewer than 100 sporozoites (2, 15, 19) -than that during the liver and erythrocyte stages of the disease. The lower parasite burden associated with sporozoites should make their eradication easier. The limited replication of the parasite at the liver stage, as opposed to repeated rounds of replication in erythrocytes, decreases the potential for emergence of drug-resistant parasites. Even if the prophylaxis does not completely abolish liver-stage parasite development, the 
